Abstract-Micro-TPC, a time projection chamber(TPC) with micro pixel chamber(µ-PIC) readout was developed for the detection of the three dimensional fine(∼ sub-millimeter) tracks of charged particles. We have developed a two-dimensional position sensitive gaseous detector, or the µ-PIC, with the detection area of 10×10 cm 2 and 65536 anode electrodes of 400 µm pitch. We achieved the gas gain of over ×10 4 without any other multipliers. With the pipe-line readout system developed for the µ-PIC, we detected high intersity X-rays at the rate as high as 7.7Mcps. The TPC has the drift length of 8 cm and the uniform electric field of 0.4 kV/cm. We tested the performance of the micro-TPC and we took the three-dimensional tracks of the electrons. We also developed a prototype of the MeV Gamma-ray imaging detector which is a hybrid of the micro-TPC with NaI(Tl) scintillators and we have confirmed its concept by showing the reconstructed gamma-ray event.
I. INTRODUCTION

M
ICRO-TPC, a time projection chamber(TPC) with Micro Pixel Chamber(µ-PIC) readout, was developed for the detection of the three dimensional Þne tracks of charged particles. We developed µ-PIC, the two-dimensional Þne position detector, and the fast readout electronics for the realization of such Òelectriccloud chamberÓ.
II. µ-PIC DETECTOR
The Micro Pixel Chamber, or the µ-PIC, is a novel gaseous two-dimensional imaging detector which possesses the outstanding properties of the Micro Strip Gas Chamber(MSGC, [1] ) and have possibly overcome discharge problems [2] , [3] . Schematic structure of the µ-PIC is shown in Fig1. The µ-PIC is a double-sided printed circuit board(PCB) with 100 µm-thick polyimide substrate. 256 anode strips are formed on one side of the µ-PIC while 256 cathode strips are orthogonally placed on the other side. Both anode and cathode strips are placed with 400 µm pitch. Each cathode strip has holes of 200 µm diameter with a pitch of 400 µm. Anode electrodes of 50∼70 µm diameter are formed on the anode strips at the center of each cathode hole. The signal charge from anode strips and cathode strips are of the same size, in contrast to the MSGCs, K. Miuchi, H. Kubo, T. Nagayoshi, R. Orito, A. Takada, T. Tanimori, and M. Ueno are with the Department of Physics, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan.
A. Ochi is with the Department of Physics, Graduate School of Science and Technology, Kobe University, Kobe 657-8501, Japan whose pulse heights from back strips are 20∼30% of those from anode strips [4] . We have developed the µ-PIC of 10×10cm 2 detection area with 256 × 256 anode electrodes. The µ-PIC is mounted on the mother board of 30×30 cm 2 area by the bonding technique.
Gas gains of the µ-PIC detector are plotted as a function of the anode voltage in Fig. 2 . We achieved a gas gain of 1.5×10 4 without any other multipliers. The gas mixture of argon 80% and ethane 20% at 1 atm was used for the measurement. In Fig.  3 , the spectrum of the X-rays from 55 Fe radioactive source is shown. The energy resolution was measured to be 30% (FWHM) for the 5.9keV X-rays. We operated the µ-PIC for 120 hours without any serious discharges. The gain variation is shown in Fig.4 as a function of time. Slight increase of the gain was observed in the Þrst 20 hours, which, we think is due to the polarization effect of the substrate. The gain is stable within 10 % after the 20 hours from the start of the high voltage supply.
In Fig.5 , the X-ray image of the test chart obtained with the µ-PIC is shown. X-rays from the X-ray generator(Kevex X-Ray CU028, tungsten target) with the acceleration voltage of 18kV were used for the imaging. Low energy X-rays were Þltered with 50 µ thick copper and 1mm thick alminum and the X-rays energey was ditributed between 14 keV and 18 keV with the intensity peak at 17keV. We used the gas mixture of xenon 70 % and ethane 30 % at 1 atm. The detection depth was set to be 2mm. We can see the slits of 1mm width clearly. By the knife edge test performed on the same condition as the X-ray imaging, we obtained the spatial resolution of 400 µm. No gain decrease was observed for the irradiation of high rate X-rays of up to 10 Mcps.
III. READOUT ELECTRONICS
The pipe-line readout electronics for the µ-PIC has been developed as well as the detector itself [5] . The block diagram of the readout electronics is shown in Fig. 6 . The signals from the µ-PIC are ampliÞed and discriminated by the preampliÞer cards that are attached at the rear of the mother board. The preampliÞer cards output both analog signals and dgital signals. Analog signals are digitized by the ßash ADC (FADC:REPIC RPV-160), while the digital signals are encoded by the position encoding module and recorded by the memory module whicht works at the clock of 20 MHz.
In order to check the performance of the µ-PIC and the readout system for high rate signals, we irradiated the X-rays from the X-ray generator(Kevex X-Ray CU028, tungsten target) at the µ-PIC. The acceleration voltage was 20 kV and the intensities are controlled by varying the tube current between 0.01 mA and 0.6 mA. The data aquisition rate is plotted aginst the X-ray intensity in Fig.7 . The maximum data acquisition rate of 7.7 Mcps was achieved. This rate is twice higher than our previous readout system [7] .
IV. DESIGN OF THE MICRO-TPC
With the µ-PIC and the readout electronics described above, we developed a time projection chamber(TPC) which has Þne time and special resolutions [5] . A negative high voltage of 3.3 kV is supplied to the 1 mm thick aluminum window which is connected to the aluminum plane of 0.3mm thick through 22 MΩ. Fifteen Þeld cage electrodes with 4mm widths and 1mm spacings are connected to the plane in series thorough 10MΩ resistors. Acooding to the calculation by GarÞeld 7 [8] , the electric Þeld of 0.4 kV/cm is produced uniformly in the inner region.
V. PERFORMANCE OF THE MICRO-TPC
A. Drift Velocity
We measured the drift velocity of electrons and the gain dependence of the drift length in the micro-TPC using the cosmic-ray muons. We placed two plastic scintillators at the both sides of the micro-TPC perpendicular to the direction of the electric Þeld and required the coincidence of triggers from both scintillators. The gas mixture of argon 80% and ethane 20% at 1 atm was ßowed. Fig. 8 shows the shapes of signals from cathode electrodes for a cosmic muon. The drift velocity was measured at various electric Þelds. The result shown in Fig. 9 was consistent with a previous measurement [9] . No gain difference was observed throughout the drift length.
B. Three-dimensional Trackings
We took the tracks of the electrons from the 90 Sr/ 90 Y radioactive source which emits electrons with the kinetic energy of 0.546 MeV and 2.282 MeV . The start timing was determined by the plastic scintillators of 6 × 6 × 2 mm 
C. Development of the Prototype MeV Gamma Ray Imaging Detector
One of our most interesting applications of the micro-TPC is a MeV Gamma-ray Imaging Detector [10] . Our idea for the MeV gamma-ray imaging detector is to combine the micro-TPC with enclosing scintillators. We measure the energy and the direction of the Compton scattered electrons with micro-TPC, while the position and the energy of the scattered gamma-ray are determined by the scintillators. With this novel detector, event by event reconstruction of the incident gamma-ray direction is realized, which leads us to the high efÞciency of the background rejection and a large Þeld of view.
We have developed a prototype of the MeV gamma-ray imaging detector with the 10 × 10 × 8 cm 3 micro-TPC and an NaI(Tl) scintillators of 4Ó×4Ó×1Ósize read by 25 single anode PMTs of 3/4Ódiameters. The picture of the prototype detector is shown in Fig. 12 We have tested the prototype detector with radioactive source of 57 Co that mainly radiates the gamma-rays of 122keV. radioactive source was set on the rear of the µ-PIC at the center of the detection area without any collimators. Electron tracks are taken by the micro-TPC, while the energy and the position of the gamma ray are taken by the NaI(Tl) scintillators. A two-µs window was set after the NaI(Tl) trigger for the micro-TPC signals and coincident events are recorded. We operated µ-PIC with a gain of 5000. We reconstructed the direction of the γ-rays assuming that the electron energy is the difference between the source energy and the the energy detected by the scintillators since we havenÕ t install the ßash ADC. One of the well-reconstructed events is shown in Fig.  13 . The source is set at (0,0,0), which is shown by cross mark. The electron track is shown in the solid line and the projections are also drawn. The NaI(Tl) hit position is shown in square. The reconsructed gamma-ray is shown in solid line with the reconstructed point shoen by the circle. It is seen that gamma ray is well-reconstructed for this event and the concept of the MeV gamma-ray imaging detector is proved. We are going to install the ßash ADC to take the electron energy, then we can realize an actual gamma-ray imaging detector. We need to increase the gas gain to achieve higher detection efÞciency and more accurate reconstructions.
VI. CONCLUSION
We have improved the µ-PIC, and obtained the gain of more than ×10 4 without any other multipliers. We have developed the pile-line readout electronics for the µ-PIC and taken the high intensity X-rays with the rate of 7. with the µ-PIC readout, or the micro-TPC was developed and three-dimensional electron tracks are detected with it. We have developed a prototype of the bamma-ray imagin detector with the micro-TPC with NaI(Tl) scintillators and proved the concept of the gamma-ray imaging detector showing one wellreconstructed event.
